Introduction
Millimeter-wave CMOS RF circuits have received substantial attention in recent years, motivated by advances in CMOS processing. Figure 1 shows on-wafer measurement using probes, which is commonly used in research and development of RF front-end circuits. Deembedding is necessary to remove the effect of pads in on-wafer measurements of RF circuits. Thru-Reflect-Line (TRL) calibration technique [1] [2] [3] and the de-embedding technique using open and short patterns [4] have been used conventionally. The authors applied the Thru-Line (TL) de-embedding technique [5] to remove the effect of pads from the measured S-parameters of RF circuits on a Si CMOS substrate. The TL de-embedding technique requires two patterns (Thru and Line) while the TRL de-embedding requires three patterns (Thru, Reflect and Line). The TL de-embedding technique can characterize left and right pads under the assumption that left and right pads have the same characteristics while TRL de-embedding cannot characterize pads, without knowing characteristic impedance of the line used for example. Other de-embedding methods, such as double delay [6] , throughonly [7] , and multi line (or L-2L) de-embedding [8] [9] , have been proposed. However, these all use approximation of pads, or parasitic component, by an equivalent circuit model while the TL de-embedding method treats pads rigorously with S-parameters. The effectiveness of TL de-embedding has been investigated in [10] .
It is very difficult to keep repeatability of measurement in such high frequencies over millimeter-wave band. Hence, the electromagnetic (EM) simulation technology becomes important. This paper explains EM simulation modeling for on-wafer measurement using a GSG probe. By utilizing the result of EM simulation, the accuracy of de-embedding techniques (open-short, TRL, and TL) are compared and discussed. 
Structure of pads and transmission line
The structure of pads and transmission lines are shown in Figure 2 . The GSG pad is used for touching with the GSG probe. A guided microstrip line (G-MSL) on a Si CMOS substrate [11] , which has metal walls on both sides of the signal line, is used as the transmission line between the GSG pads as shown in Figure 2 . The G-MSL with dummy metal fills is shown in Figure 3 . The transmission line consists of several metal (Aluminum) layers and vias which connect them. SiO2 is used as an insulator between the metal layers. The ground plane and signal line are realized by the bottom and top metal layers, respectively. The width and thickness of the signal line are 10 μm and 1 μm, respectively. The characteristic impedance is designed to be about 50 Ohm. There are metal walls, or guides, on both sides of the signal line which consists of the metal layers and vias [11] . The role of the guide is to increase the metal density to satisfy design rules and to suppress unwanted leakage at corners. The distance from the guide walls to the edges of the signal line is 20 μm to ensure that the guide does not affect transmission characteristic of the microstrip mode. 
De-embedding techniques
Algorithms of open-short, TRL and TL de-embedding techniques are introduced in this section. Table 1 shows the patterns used in each de-embedding method.
Pattern
Method TRL TL Open/Short Thru Reflect (~Open) Line Short Table 1 . Pattern used in de-embedding methods
De-embedding techniques using open-short patterns
The open-short de-embedding technique [4] is reviewed and outlined here. In the openshort de-embedding technique, the parasitic component of pads is approximated by the equivalent circuit topology shown in Figure 4 .
i) Three measurements are made to obtain the transmission line characteristics shown in Figure 4 (i). The first measurement is done for the open-pattern, resulting in the open twoport Y-parameters (open) Y . The second measurement is done for the short-pattern, resulting in the short two-port Y-parameters (short) Y . The third measurement is done for a thrupattern, which includes the GSG pads at both ends of a short line, described by the two-port Y-parameters (SUT) Y . The thru-pattern can be replaced by an arbitrary structure with the GSG pads, which is named the structure under test (SUT).
(ii) The thru-pattern is approximated by the equivalent circuit topology shown in Figure  4 (ii It is noted that a lumped element can be the DUT although the transmission line is assumed as the DUT in this paper. De-embedding technique using electromagnetic (EM) simulator [12] , with higher accuracy than the open/short de-embedding technique, is also proposed when the DUT is a lumped element.
De-embedding techniques using Thru-Reflect-Line patterns
The Thru-Reflect-Line (TRL) calibration technique [1] [2] [3] , which is widely used for network analyzer calibration, can be used for deembedding of pads directly.
De-embedding techniques using Thru-Line patterns
The Thru-Line (TL) de-embedding technique [5] uses Thru (T) and Line (L) patterns, which have different lengths as shown in Figure 5 . The line pattern is longer (by L  ) than the Thru pattern. The overall characteristics of the Line pattern can be decomposed as a cascade connection of pads and line parts as shown in Figure 6 . The assumption that two pads have completely same characteristics is necessary in TL de-embedding. From Figure 6 , the total characteristics of Thru and Line patterns are
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parameter for open/short patterns and thru-pattern (ii) Parasitic circuit of the pads is approximated by equivalent circuit (iv) Extract the line characteristics using 2-port circuit theory (5), these unknowns can be found by solving the non-linear equations, for example by using Mathematica [13] . 2( )
It must be noted that there are two sets of solutions to (6) indicated by the double sign. The propagation constant can be calculated from  .
Selecting the correct solution from the two sets of solutions in (6) and (7) is uncomplicated. If the transmission line is a right-handed waveguide, the phase constant is positive, and a set of solutions which gives a positive phase constant Im[ ]    is chosen at the lowest considered frequency near direct current (DC). At the next higher frequency point, in frequency sweeping, a set of solutions is chosen so that the phase constant is near the previous lower frequency point.
The effect of the pads can be de-embedded from a structure under test (SUT) by the following procedure: , with the elements obtained in (6) (See also Figure 6 ).
can be obtained by matrix operations:
UT T , and de-embedding of the pads can be performed.
A sample Mathematica source code is given in Appendix. 
Electromagnetic modeling
This section verifies the modeling and accuracy of the electromagnetic (EM) simulator. The FEM-based EM simulator, Ansoft HFSS Ver.11 [14] , was used for EM analysis in the chapter. Figure 7 shows the model for the analysis of the thru-pattern in HFSS. Due to the symmetry of the structure and excitation, the model for the analysis of the Figure 3 thru-pattern can be reduced to half of the whole structure, as suggested in Figure 7 . A magnetic wall, or perfect magnetic conductor (PMC), is assumed at the center of symmetry. The absorbing boundary, or radiation boundary in HFSS, conditions are applied to the other outer boundary walls. The gap between ground (G) and signal (S) pads is excited by a lumped source. Lumped ports with 100 Ohm intrinsic impedances, which is double of probe impedance because of image theory, were used for the excitations.
Symmetric pattern
To verify the accuracy of the EM simulation, the calculated value is compared with the measured one. A micrograph of a fabricated chip is shown in Figure 8 . The chip is 2.5 mm square and an 0.18 μm CMOS process is used. In the measurements, 100 μm-pitch GSG probes were used, and the system was calibrated using the impedance standard substrate (ISS). Smith charts of the S-parameters for the thru, line, and reflect patterns are shown in Figures 9, 10, and 11 , respectively. The calculated and measured results agreed very well for all three patterns.
Then, sensitivity of lumped port position and size is investigated. Figure 12 shows position a n d s i z e o f l u m p e d p o r t i n t h e G S G p a d . R e f l e c t i o n c o e f f i c i e n t S11 and transmission coefficient S12 (=S21) are shown in Figure 13 and Figure 14 , respectively, with various sets of width (w), left pad offset (dl) and right pad offset (dr) (both offsets are prescribed in a similar manner). w is varied from 10 μm to 30 μm. dl and dr are varied from -15 μm to 15 μm. It is found that there are no significant differences in results. These results suggest that the probe positioning error is not serious in measurement. Results indicated by "edge1" and "edge2" are obtained with the excitation model in which lumped port is arranged at the edge of the GSG pad as shown in Figure 15 . wa in Figure 15 is 20 μm for "edge1" while it is 50 μm for "edge2". The phase of S11 begins to show different value in high frequency region. The result indicated by "vertical" is obtained with the excitation model in Figure 16 . The phase of S12 begins to show different value in high frequency region. However, the results of these excitation models show good agreement. 
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Asymmetric pattern
In this section, excitation modeling is extended in order to treat more general problem. Figure 17 shows EM excitation-modeling for GSG pad include asymmetric pattern while symmetric pattern is considered in the previous section. Port 1, 2, 3 and 4 have 100 Ohm intrinsic impedance when the impedance of the GSG probe is 50 Ohm. The objective of the following discussion is to convert 44  S-matrix obtained by simulation into 22  S-matrix to compare with VNA measurement. S-matrix for the Figure 17 is written as 11 SS  holds. The first and second equations in (11) are identical. Also, the third and fourth equations in (11) are identical. As a result, the following 22  S-matrix is obtained. 11 12 13 
If only one GSG probe is used to measure reflection, the reflection coefficient can be obtained by 11 12 21
To verify the formulation of (12), the EM excitation-modeling for thru-pattern shown in Figure 18 is compared with the modeling shown in Figure 7 . Figure 19 shows the frequency characteristic of reflection and transmission coefficient for the thru-pattern. The result indicated by "Cal" is obtained by the model in Figure 7 , and the result indicated by "Cal (4ports to 2-ports)" is obtained by the model in Figure 18 . They agreed very well each other. Figure 19 shows two short-circuited lines, which have asymmetric structure as an example. Figure 20 shows the frequency characteristic of S-parameters for the structure shown in Figure 19 . Calculated results agreed very well with measured results, and (12) is validated. 
Results
Comparison of accuracy between de-embedding techniques
The frequency characteristic of the propagation constant for the G-MSL is extracted by deembedding techniques, and shown in Figure 22 . The solid and broken lines represent results without and with dummy metal fills (5 m square; w=5 m and p=10 m in Figure 3 ) in the G-MSL, respectively. The loss of the G-MSL with dummy metal fills is slightly larger than that without dummy metal fills. The phase constant of the G-MSL with dummy metal fills is slightly larger than that without dummy metal fills because the dummy metal fills result in an effect like an artificial dielectric compound. The line with "Cal." is the calculated result with the method in [15] . The measured results agreed well with the calculations. Figure 22 shows that the accuracy of TL de-embedding technique is as good as that of the TRL deembedding technique. Figure 23 shows the characteristic impedance of the transmission lines. The characteristic impedance was obtained from the ratio of the voltage V to the current I. The voltage V is calculated by the tangential line integral of the electric field from the ground plane to the signal line. One half of the current I/2 is calculated by the tangential line integral of the magnetic field around the signal line. The characteristic impedance is obtained using the deembedding technique [16] together with a characterization of the pads using the TL deembedding technique. Very good agreement between the calculated and measured results was obtained. As the frequency increases, the real part of the characteristic impedance approaches 50 Ohm and the imaginary part of the characteristic impedance approaches 0 Ohm. 
Accuracy investigation of open/short de-embedding technique
The accuracy of de-embedding methods using thru-line patterns, thru-reflect-line patterns and open/short patterns will be discussed numerically in this section. Open and short patterns used in the simulation are shown Figure 24 . The lengths from left and right pads to the open or short ends are /2 l . Figure 25 shows the transmission coefficient S21 for the G-MSL with the length of 600 μm extracted by each method. The line with "3-D FEM (HFSS)" is the result directly obtained by the S21 of the 3-D FEM analysis using wave port excitation in HFSS. The line with "2-D FEM (HFSS)" is the result obtained using the propagation constant analyzed by the port solution by the 2-D FEM analysis in HFSS. These must be identical, and the differences are negligible. The results with "TRL", "TL", and "OS" are obtained after de-embedding the influence of the pads and using the TRL, TL, and open/short de-embedding techniques, respectively. Except for the "OS" they agreed very well with the results of the "3-D FEM (HFSS)," and the effectiveness of the TL and TRL de-embedding methods is verified. The accuracy of the open/short de-embedding method becomes poorer as the frequency increases. This is because the pads cannot be approximated well by an equivalent circuit in the high frequency band [12] . The accuracy of the ''OS'' can be improved if patterns with shorter lengths are used [17] . The accuracy of the TL deembedding method is as good as that of TRL de-embedding method, allowing the conclusion that the accuracy of the TL de-embedding method is validated. To investigate the accuracy of the open-short de-embedding technique, numerical simulation was performed to extract S21 of a G-MSL with 600 μm-length. Figure 26 shows extracted S21 for the 600 μm-length G-MSL using calibration patterns with l=20 μm, 120 μm, 220 μm, 420 μm, respectively. A line of "3-D FEM (HFSS)" is the result obtained by S21 of the 3-D FEM analysis for the 600 μm-length G-MSL. The result indicated by "2-D FEM (HFSS)" is port analysis solution. Results indicated by "TRL", "TL" and "OS" are obtained after 
Conclusion
In this paper, EM simulation modeling for on-wafer measurement using a GSG probe was presented. The gap between ground (G) and signal (S) pads is excited by a lumped source. Transformation formula from 4-port to 2-port S-matrix expression was derived. The accuracy of EM simulation was verified by comparing with measurements. Results of EM simulation by changing excitation model suggest that the probe positioning error is not serious in measurement.
TL de-embedding technique was applied for on-wafer measurement using a GSG probe. The accuracy of de-embedding techniques (open-short, TRL, and TL) were compared and discussed. It was found that the accuracy of TRL and TL de-embedding technique is approximately the same. Degradation of accuracy in open-short de-embedding technique was quantitatively investigated via numerical simulation. In the open-short de-embedding technique, the accuracy becomes higher as the lengths of the open and short patterns become shorter. 
